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ABSTRACT
Our understanding of the nature of the extragalactic background light (EBL) has improved with the recent
development of gamma-ray observation techniques. An open subject in the context of the EBL is the reion-
ization epoch, which is an important probe of the formation history of first stars, the so-called Population III
(Pop III) stars. Although the mechanisms for the formation of Pop III stars are rather well understood on the-
oretical grounds, their formation history is still veiled in mystery because of their faintness. To shed light into
this matter, we study jointly the gamma-ray opacity of distant objects and the reionization constraints from
studies of intergalactic gas. By combining these studies, we obtain a sensitive upper bound on the Pop III star
formation rate density as ρ˙∗(z) < 0.01[(1 + z)/(1 + 7.0)]3.4( fesc/0.2)−1(C/3.0) M⊙ yr−1 Mpc−3 at z ≥ 7, where
fesc and C are the escape fraction of ionizing photons from galaxies and the clumping factor of the intergalactic
hydrogen gas. This limit is a∼ 10 times tighter constraint compared with previous studies that take into account
gamma-ray opacity constraints only. Even if we do not include the current gamma-ray constraints, the results
do not change. This is because the detected gamma-ray sources are still at z≤ 4.35 where the reionization has
already finished.
Subject headings: stars: Population III – cosmology: dark ages, reionization, first stars – cosmology: diffuse
radiation – gamma rays: general
1. INTRODUCTION
First stars, the so-called Population III (Pop III) stars,
are believed to have played an important role in the early
cosmic evolution by emitting intense radiation and by dis-
persing heavy elements into the interstellar medium (e.g.
Bromm et al. 2009). The formation process of Pop III stars
has been theoretically studied in detail. Pop III stars were
formed when the Universe was less than a few hundred mil-
lion years old (e.g. Abel et al. 2002) and their typical mass
was ∼ 20 − 40 M⊙ (Hosokawa et al. 2011, 2012)1. However,
the star formation history of Pop III stars is highly uncer-
tain. The theoretically predicted peak of the star formation
rate of Pop III stars varies by four orders of magnitude, over
∼ 10−5 − 10−1 M⊙ yr−1 Mpc−3 (e.g. Bromm & Loeb 2006;
Tornatore et al. 2007; Johnson et al. 2008; Trenti & Stiavelli
2009; de Souza et al. 2011). Observationally, it is difficult to
directly investigate Pop III stars with current telescopes be-
cause Pop III stars are formed at the early stage of the uni-
verse’s history. Direct measurements will require next gener-
ation instruments, as sensitive as the thirty meter telescope2
and the James Webb Space Telescope3.
There are various indirect lines of evidence for Pop III
stars – such as reionization (e.g. Totani et al. 2006; Ade et al.
2013). Intense ultraviolet (UV) radiation from Pop III stars
was very likely to significantly contribute to the ionization
of the intergalactic medium (IGM). Measurements of IGM
absorption signatures in the spectra of distant quasars and
E-mail: yinoue@slac.stanford.edu
1 Pop III stars are divided into Pop III.1 and III.2 (Bromm et al. 2009).
Pop III.1 stars are stars formed from cosmological initial conditions, and
Pop III.2 stars are zero-metallicity stars but formed from a gas influenced
by earlier stars. For simplicity, we treat them as one population.
2 http://www.tmt.org
3 http://www.jwst.nasa.gov
gamma-ray bursts (GRBs), together with the polarization of
the cosmic microwave background (CMB), already prove that
the IGM has been reionized between redshift z∼ 6 and ∼ 30
(e.g. Mesinger 2010; Pritchard et al. 2010; Ade et al. 2013).
The Infrared Telescope in Space (IRTS) reported an excess
in the NIR background, which can be explained by redshifted
light from Pop III stars (Matsumoto et al. 2005, see also
Tsumura et al. (2013)). However, the required ionizing pho-
ton budget to explain this NIR excess would overproduce the
measured Thomson scattering optical depth (Madau & Silk
2005). Later it was also found that this excess would be in-
consistent with TeV observations of nearby blazars (e.g. Aha-
ronian et. al. 2006, but see also Essey & Kusenko 2010).
Gamma rays propagating through the universe are at-
tenuated by pair production interactions with low-energy
photons of the extragalactic background light (EBL; e.g.
Gould & Schréder 1966; Jelley 1966; Dwek & Krennrich
2013). We can probe the EBL by measuring the at-
tenuation features in the spectra of distant gamma-ray
sources (e.g. Aharonian et al. 2006; Ackermann et al. 2012b;
Abramowski et al. 2013; Domínguez et al. 2013). UV radi-
ation fields causing the reionization may induce significant
gamma-ray absorption above a few tens of GeV (Oh 2001;
Inoue et al. 2010, 2013b).
Based on a galaxy formation model that reproduces the
reionization history, it has been shown that it is difficult
to distinguish the contribution of Pop III stars through
gamma-ray absorption (e.g. Inoue et al. 2013b). On the other
hand, without addressing the implications for reionization,
Pop III star formation rate density has been constrained
through gamma-ray absorption (Raue et al. 2009; Gilmore
2012) or the NIR background (Fernandez & Komatsu 2006).
Shull & Venkatesan (2008) have investigated the allowed
range of Pop III star formation efficiency using the constraints
2from the Thomson scattering optical depth, although it de-
pends on the optical depth of IGM after the reionization.
In this Letter, we present new constraints on the Pop III star
formation history, jointly taking account of (1): the Thom-
son scattering optical depth, (2): neutral fraction of IGM, and
(3): observed gamma-ray opacity. Since the NIR background
measurement is hampered by uncertain intensity of the zodi-
acal light, we do not include those constraints. Throughout
this Letter, we adopt the standard cosmological parameters of
(h,ΩM,ΩΛ) = (0.7,0.3,0.7).
2. CONSTRAINTS ON FIRST STAR FORMATION HISTORY
Once the star formation history and spectrum of Pop III
stars are given, we can derive the Thomson scattering op-
tical depth, neutral fraction, and gamma-ray opacity (see
Inoue et al. 2013b, and references therein). Theoretically,
the Pop III star formation history ρ˙∗(z) has been extensively
studied (e.g. Bromm & Loeb 2006; Tornatore et al. 2007;
Johnson et al. 2008; Trenti & Stiavelli 2009; de Souza et al.
2011). Although all models expect the peak of the Pop III star
formation history at z & 6, the expected history is model de-
pendent. In this Letter, we simply assume the broken power-
law shape for the Pop III star formation history at redshift z
as
ρ˙∗(z) = ρ˙0
[(
1 + z
1 + zpeak
)α
+
(
1 + z
1 + zpeak
)β]−1
, (1)
where ρ˙0 gives the normalization in the units of
M⊙ yr−1 Mpc−3 and zpeak is the redshift where the star
formation rate of Pop III stars is maximum. We investigate
the allowed parameter space of (ρ˙0,zpeak,α,β) by comparing
against currently available constraints. Since the reionization
has occurred at z & 6, we set 6 ≤ zpeak ≤ 20. Even if we set
zpeak & 20, the limit on the Pop III star formation history
does not change significantly. We also set 3 ≤ α ≤ 8 and
−5 ≤ β ≤ 0 expecting the presence of a peak in the star for-
mation history. If we set a delta function-like star formation
history, we can expect higher star formation rate density.
We follow Inoue et al. (2013b) for the calculation of
the Thomson scattering optical depth, neutral fraction, and
gamma-ray opacity. In this Letter, we summarize the key as-
sumptions adopted by us. The cosmic stellar emissivity at a
given frequency ν and redshift z is required to evaluate those
values and is given by
j(ν,z) =
∫ ∞
z
∣∣∣∣ dtdz′
∣∣∣∣dz′ fescρ˙∗(z′)ε[(1 + z′)ν/(1 + z),z′,z]
×exp[−τIGM(ν,z′,z)], (2)
where ε(ν,z′,z) is the intrinsic emissivity at frequency ν at z
from stars born at z′ in units of erg s−1 Hz−1 M−1⊙ given by
stellar population synthesis models and τIGM is the attenu-
ation opacity in the IGM, respectively. We adopt the IGM
opacity of Yoshii & Peterson (1994). fesc is the escape frac-
tion of photons from galaxies with energy above the threshold
for ionization of hydrogen. We use stellar population synthe-
sis models that provide the spectral energy distributions with
zero metallicity, namely the model of Schaerer (2003). We
adopt the Salpeter initial mass function (Salpeter 1955) for the
mass range of 1-100 M⊙. Recent radiation-hydrodynamics
simulations suggest that the typical mass of Pop III stars is
limited to . 20 − 40 M⊙ due to the radiation feedback effects
(Hosokawa et al. 2011, 2012). If there are Pop III stars with
different initial mass functions, our limit on the Pop III star
formation history will change by a factor equal to the ratio of
the integrals of the mass functions. We neglect the interstellar
dust extinction effect.
A key parameter is fesc, which we assume here to be 0.2
at all redshifts (Yajima et al. 2011), unless we note other-
wise. Observationally, fesc ≃ 0.05–0.3 is reported at z ∼ 3
(Nestor et al. 2013), but values at z ≥ 4 have not been mea-
sured yet. Ono et al. (2010) have set upper limits of fesc . 0.6
at z = 5.7 and fesc . 0.9 at z = 6.6 for LAEs. Gong & Cooray
(2013) independently constrained fesc as ∼ 0.5 at z = 3 and
∼ 0.9 at z = 6 using constraints on gamma-ray opacity. An-
other key parameter to evaluate the reionization is the clump-
ing factor C = 〈n2H〉/n¯2H , where nH is the hydrogen density (see
Inoue et al. 2013b, for details). At z & 6, C is constrained as
. 3 by combining hydrodynamical simulations and the mea-
surements of the Lyα forests (Bolton & Haehnelt 2007). We
take C = 3.0 as the fiducial value of the parameter unless oth-
erwise noted.
2.1. Constraint from the Thomson scattering optical depth
During the reionization epoch, a large population of free
electrons is generated in the IGM. Those electrons scatter the
CMB photons, and their optical depth can be estimated from
the CMB measurements. The measured electron Thomson
scattering optical depth τe is τe = 0.092± 0.013 inferred by
the Planck data (Ade et al. 2013). Since Population I and II
stars also contribute to the reionization, our model must not
overproduce the free electron content solely with Pop III stars.
2.2. Constraint from the neutral fraction of hydrogen
As the universe was being reionized, the neutral frac-
tion of intergalactic hydrogen xHI also changed. xHI is a
good tracer of the ionizing photon production history dur-
ing the reionization epoch. The discovery of broad troughs
of Lyα absorption, the so-called Gunn-Peterson troughs
(Gunn & Peterson 1965), in the spectra of distant objects have
enabled an estimate of the neutral fraction as xHI ≥ 0.033
at z = 6.2 (Mesinger & Haiman 2007), xHI ≥ 0.1 at z = 7.08
(Mortlock et al. 2011), and xHI ≤ 0.17 at z = 6.3 (Totani et al.
2006).
More ionizing photons and lower neutral fraction are ex-
pected, if we take into account the Population I and II stars.
Therefore, we constrain the Pop III star formation history not
to be less than the lower limit of the neutral fraction. We
have not attempted a detailed comparison with Gunn-Peterson
measurements of quasars at z . 6. Such effects depend rather
sensitively on the dense region of the IGM gas, which is not
essential for studying the Pop III star formation at z & 6.
2.3. Constraint from the gamma-ray attenuation
Sufficient UV radiation fields causing cosmic reionization
may induce gamma-ray absorption above a few tens of GeV
(Oh 2001; Inoue et al. 2010, 2013b). To constrain the gamma-
ray opacity at high redshifts, we use the Fermi-LAT detected
distant sources with detected > 10 GeV photons. Since
gamma-ray opacity for photons with ∼ 20–70 GeV is close
to unity at z & 2 (e.g. Domínguez et al. 2011; Inoue et al.
2013b), we focus on sources at z≥ 2.
Known distant gamma-ray emitting populations are GRBs
and blazars. LAT has detected 35 GRBs (Ackermann et al.
2013). Since more distant sources can put tighter constraints
on the Pop III star formation rate, we use the most dis-
tant one GRB 080916C at z = 4.35, which had photons up
3to 13.22 GeV. We select blazars having Test Statistics (TS)
> 100, photon index Γ ≤ 2.0, and z > 2.0 from the second
catalog of Fermi-LAT sources (2FGL Nolan et al. 2012). Af-
ter the selection, flat spectrum radio quasar 2FGL J1344-1723
at z = 2.506 survives with TS=967.
For both the GRB and blazar cases, we reduced Fermi-
LAT data and performed an unbinned maximum likelihood
analysis using Fermi Science Tool version v9r27p1.
For 2FGL J1344-1723, the analyzed time interval is
MET 239557417 (2008-08-04 15:43:36 UT) to 386632050
(2013-04-02 21:47:27 UT) representing a total of ∼4.7
years of data. For GRB 080916C, we used the first 1000
seconds after the burst 4 (MET 243216766–243217766).
We extracted 0.1–300 GeV SOURCE class events within
10o circles centered at the source positions. Good time
intervals were generated using the recommended filter of
(DATA_QUAL==1)&&(LAT_CONFIG==1)&&ABS(ROCK
_ANGLE)<52 and an ROI-based zenith angle cut
(roicut=yes) with a maximum zenith angle cut of
100o. We utilized P7SOURCE_V6 as the Instrument Re-
sponse Functions. In the source model of 2FGL J1344-1723,
we modeled the spectrum as a log-parabola and included all
the 2FGL sources within a 10o circle. The spectral parameters
of these sources were left free in the likelihood fitting. 2FGL
sources within an annulus of 10o to 15o from the source
were also included in the model, but their spectral parameters
were fixed to the 2FGL values. In the source model of
GRB 080916C, we included only this burst by modeling
its spectrum with a single power-law function. Galactic
and extragalactic diffuse emissions were modeled with the
recommended template files (gal_2yearp7v6_v0.fits
and iso_p7v6source.txt), where the normalizations of
both components were set free and the standard power-law
scaling was applied to the Galactic one. As a result, we
obtained a photon index of α = 2.08± 0.06 and a curva-
ture parameter β = 0.10± 0.03 for 2FGL J1344-1723 and
Γ = 2.18± 0.08 for GRB 080916C. To construct the LAT
spectrum, we divided the whole energy range into bins de-
fined by energies of 0.1–0.3, 0.3–1.0, 1.0–3.0, 3–10, 10–30,
and 30–100 GeV and performed a maximum-likelihood
analysis using gtlike in each energy bin. We assumed
single power-law shapes for both sources allowing the
normalization to vary. Here the power law index was fixed to
the values obtained by gtlike from the whole energy-range
(0.1–300 GeV) data set for GRB 080916C, while we utilize
the α value of the log-parabola spectrum for 2FGL J1344-
1723. For the surrounding sources and the two (Galactic and
isotropic) diffuse components, the spectral parameters were
again fixed to the values obtained by gtlike for the whole
energy range and only the normalizations were left free. The
estimated systematic uncertainty on the γ-ray flux is 10% at
100 MeV, decreasing to 5% at 560 MeV, and increasing to
10% at 10 GeV and above (Ackermann et al. 2012a).
To constrain the gamma-ray opacity, an intrinsic spectrum
is required. There are various models to explain blazar and
GRB spectra. We follow general arguments based on the
shock acceleration scenario. First-order Fermi acceleration
is the broadly accepted model, and the resulting particle spec-
trum is expected to show a power-law shape of dN/dE ∝ E−p
with a slope p ∼ 2. The slope p can be steeper than 2 due
to cooling effects. The expected photon index from the in-
verse Compton scattering radiation by electrons will be Γ ≥
4 http://fermi.gsfc.nasa.gov/ssc/observations/types/grbs/grb_table/
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FIG. 1.— Derived upper limits for the optical depth at z = 2.506 (2FGL
J1344-1723, solid arrow) and, z = 4.35 (GRB 080916C, dashed arrow). For
the comparison, we also plot an expected optical depth from an EBL model
by curves (Inoue et al. 2013b).
(1 + p)/2, while that from hadronic processes will be Γ = p,
where the photon spectrum is given by dNγ/dE ∝ E−Γ. The
resulting photon index of the intrinsic spectrum is Γ ≥ 1.5
(e.g. Aharonian et al. 2006). If we assume a softer intrin-
sic spectrum, we can obtain a tighter constraint on Pop III
star formation rate density. To be conservative, we take
Γ = 1.5 (e.g. Aharonian et al. 2006) from the energy bin of
3.0–10.0 GeV, which is the highest energy bin among the
data points not affected by the gamma-ray attenuation. The
gamma-ray opacity at energy E and redshift z is estimated
as τγγ(E,z) = ln[Fint(E)/Fobs(E)], where Fint is the intrinsic
flux and Fobs is the observed flux. We take this opacity as
an upper limit. Figure 1 shows the derived opacity limit
for 2FGL J1344-1723 and GRB 080916C. The derived upper
limit at E = 17.3 GeV is τγγ ≤ 2.93 and ≤ 1.03 at z = 2.506
and z = 4.35, respectively. We also show the opacity from
the model of Inoue et al. (2013b) for reference. We note that
hadron-induced gamma rays may appear above several hun-
dred GeV (Essey & Kusenko 2010).
In summary, constraints on Pop III stars obtained by cur-
rent available observations are τe ≤ 0.092 (Ade et al. 2013),
xHI ≥ 0.033 at z = 6.2 (Mesinger & Haiman 2007), xHI ≥ 0.1
at z = 7.08 (Mortlock et al. 2011), τγγ ≤ 2.93 at E = 17.3 GeV
and z = 2.506, and τγγ ≤ 1.03 at E = 17.3 GeV and z = 4.35.
Since probability functions of these limits are uncertain, we
set the upper limits by taking the maximum allowed star for-
mation rate density at each redshift within each allowed pa-
rameter spaces. Therefore, first, we estimate τe, xHI and τγγ
in all the combinations of parameters. Second, we choose
parameter sets that do not violate the given observational con-
straints. Lastly, we take the maximum of the star formation
rate density at each redshift from the allowed parameter sets
and set those as the upper limit on the Pop III star formation
history.
3. RESULTS
Figure 2 shows the upper limits on the Pop III star formation
history. Thick solid, dashed, and dotted curves with arrows
show the upper limit on the Pop III star formation rate density
for (C, fesc) = (3.0,0.2), (3.0, 0.5), and (1.0, 0.2), respectively.
The upper limit above z = 7 can be approximated as
ρ˙∗(z)< 0.01
[ (1 + z)
(1 + 7.0)
]3.4( fesc
0.2
)
−1( C
3.0
)
M⊙ yr−1 Mpc−3.
(3)
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FIG. 2.— Upper limits on the Pop III star formation history. Thick solid,
dashed, and dotted curve with arrows represents the upper limit for (C, fesc) =
(3.0,0.2), (3.0,0.5), and (1.0,0.2), respectively. For comparison, we show
the previously studied upper limits by Raue et al. (2009) and Gilmore (2012)
with thin dot-dashed line and double-dot-dashed line with arrows. We plot
theoretical models for the Pop III star formation by Bromm & Loeb (2006),
thin solid curve; Trenti & Stiavelli (2009) (Pop III.2), dashed curve; and
de Souza et al. (2011) (Pop III.2), dot-dashed curve. For de Souza et al.
(2011), we adopt their optimistic model. We also plot the observational data
compiled by Hopkins (2004, filled square), that deduced from high redshift
galaxies (Ellis et al. 2013; Oesch et al. 2013, up-triangle, and down-triangle,
respectively), and that inferred from GRBs (Kistler et al. 2013, circle). These
data points represent the summation of all stellar populations. For the high
redshift galaxies, limiting luminosities are adopted by each author.
For comparison, we show the upper-limits from previous
studies (Raue et al. 2009; Gilmore 2012), which do not take
into account the reionization constraints. The upper limit be-
comes 10 times tighter by including the reionization data. The
upper limit does not change significantly when we exclude
the constraints from the Fermi-LAT data. This is because the
most distant gamma-ray objects with > 10 GeV photons are
still not beyond z∼ 6 where the reionization occurred.
We also plot the cosmic star formation rate density data
compiled by Hopkins (2004), deduced from distant galaxies
(Ellis et al. 2013; Oesch et al. 2013), and inferred from GRBs
(Kistler et al. 2013). We note that these data represent all stel-
lar populations. Each high redshift galaxy data point is ob-
tained by integrating its luminosity function down to a limit-
ing luminosity. We note that the overall UV luminosity func-
tion at these redshifts is still uncertain due to poor statistics
(Ellis et al. 2013; Oesch et al. 2013).
We compare our limits with theoretically studied Pop III
star formation rates in the literature, specifically in
Bromm & Loeb (2006, Pop III.1 + III.2), Trenti & Stiavelli
(2009, Pop III.2), and de Souza et al. (2011, Pop III.2). For
de Souza et al. (2011), we take their optimistic model where
they assume a very high star formation efficiency and low
chemical enrichment. The Pop III star formation model by
Bromm & Loeb (2006) violates the current observational con-
straints.
If remnants of Pop III stars became seeds of supermassive
black holes (SMBHs), which would manifest themselves as
quasars observed at z∼ 6 (e.g. Mortlock et al. 2011), the pres-
ence of such quasars may tighten our limits. In this Let-
ter, we do not take into account this constraint because of
our poor knowledge of accretion and merger history of such
seed BHs, and their precursors. It may be difficult to cre-
ate SMBHs from Pop III stars because radiation feedback ter-
minates Pop III stars growing above a few tens solar masses
(e.g. Hosokawa et al. 2011). Promising candidates for seeds
of SMBHs can be formed by a direct collapse of supermas-
sive stars (Hosokawa et al. 2013). Since their effective tem-
perature is less than 104 K because of large radius of such su-
permassive stars, they will not significantly contribute to the
reionization.
4. CONCLUSIONS
In this Letter, we show that considering simultane-
ously the current measurements of gamma-ray opacity,
the electron Thomson scattering optical depth, and the
neutral fraction set an upper limit of ρ˙∗(z) < 0.01[(1 +
z)/(1 + 7.0)]3.4( fesc/0.2)−1(C/3.0) M⊙ yr−1 Mpc−3 on the
Pop III star formation rate density above z = 7. By includ-
ing the reionization constraints, the upper limit becomes∼ 10
times tighter compared to previous works (Raue et al. 2009;
Gilmore 2012).
Current gamma-ray data do not strongly constrain the
Pop III star formation history because the most distant ob-
ject is still at z = 4.35 where the reionization process is com-
pleted. To explore the reionization epoch via the gamma-ray
technique, sources beyond redshift 6 and rich with > 10 GeV
photons would be needed (Inoue et al. 2013b). Fermi may
eventually detect blazars at z > 6 (Inoue et al. 2011), and the
Cherenkov Telescope Array may possibly do the same at∼ 30
GeV for GRBs (Inoue et al. 2013a). Tanaka et al. (2013) have
reported the detection of >100 GeV photons from a blazar
at z = 1.1 and Takahashi et al. (2013) have reported a candi-
date Fermi gamma-ray blazar at z ∼ 3 − 4. Future gamma-ray
observations of distant sources at & 10 GeV will put tighter
constraints on Pop III star formation history by combining
reionization measurements.
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